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ABSTRACT 
Oil from the Deepwater Horizon blowout reached the Gulf of Mexico coast in the 
summer of 2010 and potentially exposed species living in those areas to toxic chemicals. The 
purpose of this study is to examine otoliths from Red Drum (Sciaenops ocellatus) for evidence of 
oil exposure that could be related to reduced growth rates. Because otolith growth and somatic 
growth are directly related, differences in annulus measurements can indicate differences in 
annual somatic growth, which is a good indicator of overall fish condition, and translates into 
changes in survival and lifetime reproductive potential. This study assessed variation in otolith 
elemental composition in years before, during, and after the oil spill using laser-ablation 
inductively-coupled plasma mass spectrometry, with emphasis on trace metals previously found 
in MC252 oil. Relative annual growth rates were estimated by calculating mean increment 
measurements for each age, and calculating a percentile for each observation. Growth was then 
compared with otolith elemental profiles.  These two analyses were used to investigate 
associations between any observed growth variation and the temporal profiles of oil-indicator 
and stress-indicator elements. Otoliths obtained from Florida archaeological sites were used as a 
baseline for pre-industrial elemental compositions. Fish taken from 12 sampling sites in Florida 
and Louisiana with varying degrees of oil intrusion were analyzed for otolith element 
composition. Individual measurements were classified using Similarity Profile Analysis 
(SIMPROF, Clarke et al. 2008) and resulting SIMPROF groups were plotted on a seriated heat 
map to visualize elemental abundance groups. The largest group with the lowest elemental 
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abundances was used as a reference group. This group was compared to higher-element 
abundance groups and to fossil otoliths found in Native American middens on Weedon Island, 
FL using nonparametric multivariate analysis of variance (NP-MANOVA) and Canonical 
Analysis of Principal Coordinates (CAP) to determine similarities of modern fish groups and an 
ancient baseline. Growth rates were then compared to the microchemistry groups to determine if 
there are any correlations with growth rates and otolith trace metal compositions.  
 This study did not find any correlation between the Deepwater Horizon oil spill event and 
either Red Drum otolith microchemistry or growth. Otolith oil-metal concentrations did not vary 
significantly among study years, and there was no relationship between microchemistry and 
otolith-based growth rate. While there was decreased growth in 2010, the decreased growth 
appeared to be due to unusually cold winters during that year. Oil metal concentrations measured 
in the otoliths indicated continuous metal exposure rather than exposure to an episodic oil-spill 
event.  
This study also verified the use of archaeological otoliths as a viable microchemical 
baseline for pre-industrial otoliths. Preserved otolith material had very low hydrocarbon-
associated metal concentrations, which is expected in otoliths that were formed before the period 
of heavy anthropogenic influence on coastal waters. This study represents a novel effort to 
compare pre-industrial-age microchemistry to the microchemistry of fish collected from 
impacted areas following a large oil spill.
1 
 
INTRODUCTION 
The Deepwater Horizon oil spill (DWH) released millions of barrels of crude oil into the 
Gulf of Mexico during 87 days in 2010 (McNutt 2011). Some portion of the oil reached the Gulf 
coast, oiling an estimated total of 1,773 km of shoreline (Michel et al. 2013). The oiled coastline 
included the coastal wetlands of the north-central Gulf of Mexico, which comprise almost 40 
percent of the coastal wetlands of the 48 contiguous states and support numerous ecologically 
and economically important species (Mendelssohn et al. 2012).  
Several studies have reported altered health effects in various ecosystems after exposure 
to DWH oil and dispersants (Kostka et al. 2011, Whitehead et al. 2012, Silliman et al. 2012, 
Hamdan and Fulmer 2011). Murawski et al. (2014) found higher incidences of skin lesions on 
Red Snapper (Lutjanus campechanus) related to elevated liver concentrations of polycyclic 
aromatic carbons (PAHs) associated with oil collected at the DWH wellhead. These same fish, 
along with other bottom fish species that were caught with lesions, were also investigated for 
anomalies in their ear stone (otolith) microchemistry. There is evidence that lesioned fish of 
several species had elevated levels of oil marker elements (Zn, Ni) compared to fish without 
lesions (Jen Granneman, USF, unpublished data). Another study showed significantly higher 
post-spill fluctuating asymmetry in the eyes of Menidia beryllina collected along the Mississippi 
Gulf coast (Michaelson et al. 2015). Fluctuating asymmetry is a sensitive metric of 
environmental stress levels (Moller 1998, Clarke 1995), and the authors concluded it provided 
evidence for elevated stress due to oil, dispersants, or other unknown stressors.  
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In November 2002, the oil tanker Prestige sank off the coast of Spain and spilling heavy 
fuel oil. Morales-Nin et al. (2007) investigated possible effects the oil would have on local fish 
populations. They fed juvenile turbot (Scophthalmus maximus) food contaminated with Prestige 
oil and measured their otolith microchemistry and growth rates and concluded the otolith 
elemental composition showed elevated levels of elements present in the fuel oil. In addition, 
both otolith and somatic growth were negatively affected by exposure.  
The present study investigates effects that DWH may have had on Red Drum (Sciaenops 
ocellatus) otolith microchemistry and growth rate, using ancient otoliths from Native American 
refuse heaps (middens) as a reference for microchemistry. Variation in relative otolith growth 
rate and microchemistry corresponding to the time period before, during, and after the oil-spill 
event were analyzed.  
Red Drum are estuarine-dependent sciaenids that live in nearshore waters throughout the 
Gulf of Mexico and on the Atlantic seaboard as far north as Chesapeake Bay (Murphy and 
Taylor 1990). Juveniles utilize complex estuarine habitats in early life, inhabiting marshes, 
seagrass beds, oyster reefs, and tidal creeks for protection and foraging (Powers et al. 2012 and 
references cited therein). As they mature between ages 3 and 6 years, adults move seaward onto 
the continental shelf, but may move inshore into bay inlets to spawn in the fall with peak 
spawning occurring in October (Murphy and Taylor 1990). Red Drum support the second largest 
recreational fishery in the Gulf, with Louisiana accounting for 62% of total landings alone 
(NMFS Regional Report 2011).   
Historically, Red Drum were captured as a source of protein for Native Americans living 
on the Gulf and Atlantic US coasts (Reitz 1982). Archaeological sites have provided evidence of 
pre-European consumption of Red Drum; skeletal remains are commonly found in coastal Native 
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American middens, where Native Americans discarded unused plant and animal remains (Reitz 
and Quitmyer 1988). Archaeologists have found numerous middens on the US Gulf coast and 
have identified Red Drum otoliths preserved within them (Simons 1988).  
Otoliths as Temporal Records 
Otoliths are paired, calcium carbonate structures found in the inner ear of all teleost (ray-
finned) bony fishesOtoliths are housed inside endolymphatic fluid-filled membranes located in 
cavities within the skull (Campana 1999). There are 3 left-and-right pairs of otoliths: sagittae, 
asteriscii, and lapilli, with the sagittal otoliths typically being the largest and most robust pair. 
Sagittal otoliths begin growth at the larval stage and continue growing throughout the life of the 
fish via daily deposition of a calcium-carbonate crystalline lattice onto otolin, an organic protein 
matrix (Eldson et al. 2008). As ions are deposited onto the otolith surface, minor and trace 
elements are incorporated into the microstructure along with the major ions (Ca2+ and CO3
2-) that 
constitute aragonite, a mineral form of ctystalline CaCO3.  (Campana 1999, Elsdon et al. 2008).  
Otoliths are acellular and are metabolically inert, meaning there is no physiological re-
absorption of any chemical constituents after formation, so the otolith microstructure and 
chemistry is permanently retained (Campana 1999). The calcium carbonate accretions are 
continuous, but not linear. Deposition of the otolin and mineral layers alternates daily, with the 
calcium carbonate layer forming a mineral increment, and the otolin layer forming a 
discontinuity between mineral-dominated increments (Zhang and Runham 1992, Wright et al. 
2001). When viewed in cross-section of an otolith at high magnification, daily growth rings are 
visible in the otolith microstructure. Areas on the cross-section with higher accretion rates have 
thicker mineral layers that appear translucent under a microscope using transmitted light, 
whereas areas with low accretion rates have higher concentration of otolin and appear opaque. 
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The accretion rate responds to the availability of proteins and ionic precursors in the 
endolymphatic fluid that surrounds the otolith (Hussy 2008). Fish growth is an energy intensive 
process that depends on the fish’s overall metabolism (Wright et al. 2001, Wright 1991, 
Huuskonen and Karjalainen 1998). Natural metabolic variation, typically seasonal or associated 
with spawning, influences molecular uptake into the endolymphatic chamber and therefore 
influences otolith growth rate (Hussy 2008). Prolonged periods of high metabolism and somatic 
growth, such as annual periods of warm water temperature and high productivity in late spring 
and summer, result in wider otolith growth accretions. For many species, including Red Drum, 
daily variation in accretion rates over the course of the annual cycle produces annual bands, 
called “annuli”, within the otolith structure; these are analogous to tree rings. Red Drum annuli 
have been validated as an accurate method for aging using injections of oxytetracycline (Murphy 
and Taylor 1991) and radiometric dating (Baker and Wilson 2001).  Growth increments can thus 
be back-calculated for estimating growth-rate variation within and among individuals (Campana 
1990, Klumb et al. 2001, Porch et al. 2001, Wilson et al. 2009, Rypel 2011). 
Otoliths have broad uses in fisheries science and the reconstruction of environmental 
conditions (Campana 2005, Begg et al. 2005, Geffen et al. 2011). Otoliths continually 
incorporate elements from the ambient water or food into their microstructure. This continuous 
growth and lack of molecular turnover provide a chronology of the fish’s life that can be useful 
for aging, back-calculating growth rates, reconstructing migration and movement, distinguishing 
separate populations, and determining natal origins and juvenile habitats (Campana 2005, Jones 
et al. 2012). In addition, archaeological otoliths have been used in a number of studies to obtain 
paleo-environmental and population data on prehistoric fish populations, including trace-metal 
analysis (Disspain et al. 2015). When the elemental composition of otoliths is preserved from 
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prehistoric periods, otoliths have the potential to be used as powerful baseline indicators for 
anthropogenic influences on environmental conditions.   
Objectives 
The principal objectives of this study were (1) to determine if Red Drum growth and 
otolith microchemistry were affected by oil exposure, and (2) to investigate relationships 
between otolith element abundances and growth rate. The microchemistry of archaeological 
otoliths was incorporated into the study to provide a potential baseline for elemental abundances 
in fish that lived prior to the industrial revolution.  
These objectives were addressed by: 
1. Analyzing annualized trace metal compositions in modern otoliths and comparing them 
to the elemental compositions of ancient otoliths;  
2. Comparing year-specific annualized elemental composition in otoliths from Louisiana 
and Florida corresponding to years before, during, and after the DWH oil spill;   
3. Performing increment-width analysis before and after the DWH oil spill to describe 
relative increment growth rates among years; and 
4. Comparing year-specific annualized elemental compositions with relative increment 
growth rates to investigate relationships between changes in element concentrations and 
variations in growth.  
The following testable hypotheses were proposed: 
Ha1: Trace metal concentrations within ancient otoliths will be lower than concentrations within 
modern otoliths 
 Ho1: Trace metal concentrations will not differ between ancient and modern otoliths. 
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Ha2: Elemental compositions will differ between otoliths from Florida and Louisiana sites, and 
among years before, during, and after the oil spill.  
Ho2: There will be no difference in elemental composition between otoliths from Florida                          
and Louisiana sites, and between years before, during, and after the oil spill.  
Ha3: There will be a difference in growth rates among years before, during, and after the oil spill.   
Ho3: There will be no difference in growth rates among years before, during, and after the 
oil spill  
Ha4: Variation in growth rates can be explained by annual variation in otolith elemental 
composition.    
Ho4: Variation in growth rates cannot be explained by annual variation in otolith 
elemental composition.  
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METHODOLOGY 
Sample Collection 
The samples used for this study were collected from the Gulf Coast of Florida and several 
nearshore/inshore sites in Louisiana (Figures 1, 2). During August 2012, Red Drum from 
Louisiana were collected by personnel from USF, Mote Marine Laboratory, Stratus Consulting, 
and Louisiana Deptartment of Wildlife and Fisheries (LDWF) using LDWF boats and captains. 
Fish were collected from eight inshore locations: East and West Terrebonne Bay, Bay Jimmy, 
Bay Batiste, Grand Terre, Wilkinson Bay, Middle Grounds and Southeast Pass (Figure 1). Fish 
were caught using trammel nets and hook-and-line, and their otoliths were immediately extracted 
and placed in labeled envelopes (n=35).  
A second set of otoliths was collected from Louisiana during 2012, 2013, and 2014 at 
Venice Marina, Pointe aux Chenes Marina, and Bridgeside Marina (n = 18). These otoliths were 
collected, aged, and processed by the Louisiana Department of Wildlife and Fisheries. They were 
mounted onto slides and covered with Flotex plastic, making them suitable only for growth 
analysis.  
 Florida samples (n=30) were collected during 2011 from five locations along the Gulf 
coast by the Fisheries Independent Monitoring (FIM) group of the Florida Fish and Wildlife 
Conservation Commission (FWC). These sampling sites were Apalachicola, Cedar Key, Tampa 
Bay, Sarasota Bay, and Charlotte Harbor. Left otoliths were previously aged by the FWC Age 
and Growth Lab, while the right otoliths were used for this study (Figure 2). 
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Archaeological otoliths were collected from pre-Columbian Native American middens in 
the Weedon Island Preserve located at St. Petersburg, Florida (n = 5) and the Crystal River 
Archeological Preserve located at Crystal River, Florida (n = 1) (Figure 3). Once a site was 
selected, units were excavated in arbitrary 10 cm levels using hand tools until the stratigraphy 
was determined; each stratigraphic level was then individually excavated. Five- and one-mm 
screens were used to sieve excavated materials, which were then bagged and labeled. Fossil 
samples were sorted in the laboratory according to lowest taxonomic classification possible. 
Because Red Drum otoliths have characteristic robustness and shape, they were able to be 
classified down to species level. Any encountered charcoal samples were preserved and carbon 
dated. 14C analysis indicated these otoliths were deposited in the middens between 750- and 950 
years ago (Pluckhan et al. 2015). 
Sample Processing 
For microchemistry analysis of modern samples, the right sagittal otolith was used for 
analysis whenever possible. If the right otolith was broken or missing, the left was substituted for 
it. Only otoliths that had at least one annulus that corresponded to 2010 were used for 
microchemical analysis of modern otoliths. All samples were cleaned under a Labconco™ Class 
100 horizontal clean bench using trace-metal grade, non-metallic instruments and techniques to 
minimize trace-metal contamination. The otoliths were first rinsed in ultrapure water (18.2MΩ) 
before being brushed with a trace-metal grade, nitric-acid washed toothbrush to manually 
remove any surface contaminants. Each otolith was rinsed and soaked in trace-metal grade 30% 
hydrogen peroxide for 4 minutes to dissolve any remaining organic material from the surface. 
Finally, otoliths were rinsed 3 more times and left to air dry within the clean bench. Dry otoliths 
were bonded to a clean petrographic slide using CrystalBond™ 509 and sectioned along the 
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transverse plane using a Buhler Isomet© low-speed saw with four blades set 0.5 mm apart to cut 
3 sections, of which the section containing the primordium (the center of the otolith core) was 
chosen for further analysis. Procedures followed VanderKooy and Guindon-Tisdel (2009).  
Age and Growth 
Age analysis of the fossil otoliths and Louisiana otoliths was performed by examining 
cross sections containing the core and counting the number of annuli present along the dorsal 
axis from the primordium to the medial edge. Each annulus was identified as the opaque zone 
when the otolith was viewed under a microscope using transmitted light (Figure 4). Red Drum 
form annuli from November to April, when growth is relatively slow. Because spawning occurs 
during fall and no annulus is formed during the first winter, the first annulus typically is formed 
around 14-18 months of age (VanderKooy and Guindon-Tisdel 2009). Annuli are formed 
regularly thereafter (Prentice and Dean 1991). Ages were validated by a second reading by a 
member of the FWC Age and Growth Lab. Any discrepancies were discussed and corrected until 
all ages matched.  
Growth increments were measured using Lumenera’s Infinity Analyze software and a 
digital camera mounted on a dissecting stereomicroscope. Annuli were measured from the core 
to the edge of the first annulus, then to the edge of the following annulus, until the outer margin 
of the otolith was reached (Figure 5). Section images were photographed three times and each 
image was individually measured. The corresponding measurements for each annulus were 
averaged among the three images, and the mean value was used in the final growth analysis. 
Microchemistry 
To remove surface contaminants after the otolith annuli had been measured, otolith 
sections were rinsed with ultrapure water and lightly scrubbed with a clean toothbrush. Each 
otolith section was sonicated for 5 minutes in ultrapure water using a Fisher Scientific™ 
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Ultrasonic cleaner. Cleaned sections were allowed to dry in the clean bench. Individual sections 
were transferred to a petrographic slide for LA-ICP-MS analysis, and sonicated once more. 
Otolith trace elements were analyzed using a Photon Machines Analyte 193 nm excimer 
UV laser ablation system (LA) connected to an Agilent 7500CX quadrupole Inductively Coupled 
Plasma-Mass Spectrometer (ICP-MS). All instrumentation was located at University of South 
Florida in St. Petersburg, FL, USA. A group of samples affixed to a petrographic slide was 
placed into the laser sample chamber along with a NIST-612 silicate glass standard disc (Pearce 
et al. 1997) to be used as an external calibration reference. Once the plasma torch was ignited, 
background ion levels were allowed to stabilize. Instrumental tuning was then performed by 
ablating the NIST standard to (1) maximize analytical sensitivity for increased precision and 
lower limits of detection, (2) minimize interferences due to oxides and doubly-charged ions, and 
(3) minimize mass-specific fractionation of analytes (Jones et al. 2013). 
Ionic mass 29 was used as a proxy for atmospheric air; further tuning of the ICP-MS was 
not performed until it had stabilized and background concentrations were observed to be <600 
counts s-1 (cps). This was done to ensure that all equipment and gas tubing had been cleared of 
any atmospheric air, which would interfere with analysis. ICP-MS tuning was performed by 
ablating transects 108 µm wide at 10 µm/s transect speed on the NIST standard until background 
cps had reached target values and <6% relative standard deviation (RSD) was attained in all 
monitored ion masses. Table 1 lists the masses and ratios monitored and their target values for 
counts, mean, and RSD%.  
Laser parameters and tracks were set up using Photon Machine’s Chromium software 
(see Table 2). Live video light microscopy allowed for precision mapping of the laser tracks on 
the correct location of the surface of the glass standard. Two 64 µm spot samples of the NIST 
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standard were ablated for 60 seconds at 5 pulses s-1 before and after each otolith sample run, with 
a 60 second washout period between every ablation. Pre-ablation laser transects 64 µm wide 
were run from the otolith primordium to the edge along the dorsal axis at 30 µm s-1 to ensure 
removal of any remaining surface contaminants. A series of replicate transects (n = 3) were run 
over the same track at 10 µm s-1. Laser transects targeted the location on the section where 
growth profiles were previously calculated to obtain the chemical signatures along the growth 
profiles. All analyses were performed on randomized blocks of samples to avoid misinterpreting 
day-to-day variation in instrument sensitivity as actual variation among otolith samples. 
Twenty-five analytes were measured in standardized count rates (ions/s): 7Li, 23Na, 24Mg, 
31P, 45Sc, 51V, 53Cr, 55Mn, 57Fe, 59Co, 60Ni, 63Cu, 64Zn, 65Cu, 72Ge, 85Rb, 88Sr, 89Y, 114Cd, 118Sn, 
137Ba, 197Au, 208Pb, 232Th, and 238U. These analytes were chosen because they occur above the 
limits of detection and minimize potential interferences due to spectral overlap. Since the otoliths 
are made of aragonite, 43Ca was also quantified by the ICP-MS as an internal standard.  
Transects were processed on the midden otoliths using the same procedures as modern 
otoliths. Potential concern with archaeological samples is possible alteration of the original 
crystal structure and chemical composition via diagenesis over time, as the original aragonite 
was needed to assess the difference between pre-European Red Drum otolith trace-element 
composition and modern trace-element composition. When sectioned and viewed under a light 
microscope, midden otoliths were almost completely opaque; however, all samples except one 
showed interior zones with alternating opaque and translucent zones that were very similar in 
appearance to modern otoliths, suggesting that recrystallization was not complete and the otoliths 
still contained preserved, original aragonite (Figure 6). If the alternating translucent/opaque 
zones were aragonite, this would increase confidence that those zones had been preserved and 
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the associated trace-metal composition was original. To test this, Feigl’s test (Friedman 1959) 
was used to differentiate between aragonite and calcite. This test is based on the slightly different 
dissolution rates of calcite and aragonite; it stains aragonite black as the result of the formation of 
a precipitate of manganese oxide and metallic silver, whereas calcite remains unaltered after 
limited exposure. The solution was prepared and applied according to procedures outlined by 
Ayan (1965).  
ICP-MS Data Processing 
Elemental data were acquired using ChemStation software and exported to an ASCII data 
file. Ion counts were processed in MATLAB version R2013b using the Fathom Toolbox (Jones 
2012). The Fathom Toolbox provides tools that convert cps to mean analyte concentrations 
(ppm) and element-to-calcium molar ratios. Data were imported into the MATLAB workspace 
and parsed using the f_cpsParse function, a custom graphical user interface to visually parse 
laser transect data into separate signal and background portions for individual samples and 
replicates (i.e., to isolate time periods when the laser was ablating actual targets from pre-
sampling, washout, and post-sampling time periods). The most stable portion of the NIST and 
background signal were selected for characterization, making sure to incorporate at least 30 
seconds of data collection. For otoliths, the transect signal from the first spike to the stabilization 
of the background signal was selected to include the entire otolith profile. Signal data were 
converted from the LA-ICP-MS output of analyte cps into elemental concentrations in the otolith 
using Fathom’s f_cps2ppm_PT function. This function processes otolith profile surface transect 
data using the parsed signal and standard data, and returns a MATLAB file structure containing 
the concentrations of each element.  
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Element profiles of separate annuli were then parsed so individual growth years could be 
analyzed using the f_extract_PT function. This function uses the structure of the otolith profile 
and user-input starting and ending positions on the laser transect. Data were extracted from all 
annuli corresponding to the year 2008 or later to obtain element profiles 2 years before the 
Deepwater Horizon oil spill in 2010, during 2010, and for up to 2 years after, since all Red Drum 
individuals were collected in 2011 and 2012. To parse profiles into separate fish-years with 
precision, otolith transects were visually observed and measured using the Infinity Analyze 
software and microscope-mounted camera system. Measurements were made to the nearest 0.1 
µm, starting from the otolith margin and working toward the primordium until the primordium 
was reached, or, if the individual was old enough, to the annulus corresponding to 2008. 
Strontium (Sr) profiles were graphed in MATLAB (Figure 7) and a data cursor was used to 
return the transect position when the limit of detection (LOD) spiked, indicating the laser had run 
off the otolith margin after the edge had been reached. Transect measurements from the 
microscope camera were subtracted from this position value incrementally to obtain start and end 
points for each annulus profile.  
Midden otoliths were parsed into three equal-sized transects rather than parsing out 
individual years (Figure 6). This was done for three reasons: (1) Only the Crystal River otolith 
was >1 year of age—no Weedon Island samples had laid down their first annulus at the time of 
capture, and (2) the actual year of capture was unknown, and (3) the difference between 
completely opaque zones and alternating translucent/opaque zones was of greater relevance for 
this application (as discussed above). To parse midden-based transects, visual assessment of the 
Sr profiles were used to determine the position of the transect at the margin by observing a spike 
in the LOD. The isolated transect was then divided into equal thirds, with segment 1 starting at 
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the otolith primordium, segment 2 containing the middle of the section, and segment 3 
containing the outer transect (Figure 7).  
One caveat in this comparison is that the sample sets for the elemental abundance assays 
and the growth rate analyses were not identical. Many otoliths used for microchemistry were not 
used in the growth study due to their age-at-capture (cut-off at age 15) or their hatching year 
(post-2008 year-class). Additionally, the second set of Louisiana otoliths (collected in 2012, 
2013, and 2014 from Venice Marina, Bridgeside Marina, and Point aux Chenes Marina) were not 
suitable for microchemical assays due to a layer of Flotex covering them, and thus only growth 
rate measurements were obtained from these otoliths. Therefore, spatial analysis of 
microchemistry from all samples was performed on otoliths from all Florida sites and from the 
following Louisiana sites: East and West Terrebonne Bay, Bay Jimmy, Bay Batiste, Wilkinson 
Bay, Grand Terre, Middle Grounds, and Southeast Pass.  
Elemental Data Analysis 
Ten metals (“oil metals”) were considered in this analysis: 24Mg, 51V, 53Cr, 57Fe, 59Co, 
60Ni, 63Cu, 64Zn, 65Cu, 208Pb. These elements were selected because they were detected in 
Macondo 252 crude oil samples by Liu et al. (2012), and thus were most likely to indicate 
exposure to crude oil (Error! Reference source not found.). Element concentrations within 
each annulus were averaged over time (one year) for each of three replicate LA-ICP-MS 
transects. The three annual means were then averaged to produce one mean elemental 
concentration per year (annulus) of otolith growth. To reduce the arithmetic weight of elements 
with relatively high abundances, these annualized mean concentrations were standardized. Each 
resulting annulus-mean element concentration was divided by the sum of all mean concentrations 
15 
 
for that element and multiplied by 100 to place each element on the same scale (annulus mean 
percent). 
Similarities among annulus-mean-percent oil-metal compositions were measured as 
Euclidean distance, and these distances were clustered using the group-average procedure in 
PRIMER-7 (PRIMER-E, Ivybridge, UK). Similarity profile testing (SIMPROF, Clarke et al. 
2008) was used to identify significantly different groups within the cluster analysis results. 
SIMPROF tests are not based on any a priori distribution or classification levels, and are instead 
entirely derived from the analyzed data. Oil metals were also clustered according to an Index of 
Association used by PRIMER-7 (Whittaker’s Index of Association) to determine which oil 
metals tended to co-vary.  
To determine whether individual SIMPROF groups were over- or under-represented (i.e., 
to determine if they contained more annuli than expected by chance), annuli were randomly 
subsampled without replacement 10,000 times, with subsample sizes equaling the observed 
sample size for a given SIMPROF group (Politis and Romano 1994, Politis et al. 2001, Abadie 
and Imbens 2008).  This produced a frequency distribution for expected sample sizes within 
individual SIMPROF groups. The observed encounter frequencies were then compared with the 
expected frequencies, allowing a one-tailed estimate of probability for the observed value (i.e., 
<5th percentile equated to under-representation and >95th percentile equated to over-
representation).  
In MATLAB, hypothesis testing of the spatial and temporal variation in elemental 
abundances was performed using 2-way non-parametric multivariate analysis of variance (NP-
MANOVA, Anderson 2011) to test the null hypothesis of no difference among annulus mean 
percent by year and sample site. This was performed using Fathom’s f_npManova function using 
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Euclidean distance and 10,000 permutations. Both years and sites were considered fixed factors. 
Archaeological otolith annuli were excluded from the analysis among years since they were 
parsed differently than modern otoliths. Again, significance was defined at α = 0.05. If the null 
hypothesis was rejected and there was a difference in metal concentration among years or sites, 
the function f_npManovaPW was used to perform permuted (10,000 iterations), pairwise testing 
to determine individual differences among either variable using the square-symmetric distance 
matrix derived from the response variables and the matrix of integers specifying factor levels for 
objects. If there was a significant interaction effect between sites and years, one-way NP-
MANOVA was performed to test variation in metal concentration among sites within individual 
years.  
Growth Analysis 
 Fish growth-rate analysis was performed using Statgraphics Centurion XVII (version 
17.1.03). Otoliths were selected based on hatching year and age at capture. To focus on annuli 
that corresponded to periods before or during the DWH spill, fish that were spawned during or 
before 2008 were used for this analysis. This ensured measurements could be taken at least two 
years before the oil spill. A cutoff age of 15 was used due to limited ability to measure any 
variation in increment width past that age.  
Average increment widths and their variabilities decrease in a systematic manner with 
age (i.e., increment widths for older ages are narrower and less variable than those for younger 
ages).  Twenty-two linear and curvilinear models were fit to the increment-width data and the 
model with the highest R2 value was chosen for further evaluation. The best-fitting model was  
  𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡 𝑤𝑖𝑑𝑡ℎ = (0.304 +
0.875
𝐴𝑔𝑒
)
2
                                      [1]  
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which had an R2  value of 0.95 (slope p <0.0001) and symmetrical residuals (Figure 8). The 
linear form of this equation (Figure 9. Linearized model used to obtain symmetrical 95% 
confidence intervals used to calculate a mean expected growth increment width for each age.) is  
  √𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑊𝑖𝑑𝑡ℎ = 0.304 + 0.875 ∗ (
1
𝐴𝑔𝑒
)                           [2] 
The square root of increment width for each age class passed the Kolmogorov-Smirnov test for 
normality (p >0.05), suggesting age-class distributions could be modeled as normal probability 
distributions using modeled means and modeled standard deviations. The standard deviation of 
the square root of increment width was modeled as 
                          𝜎 =  √(0.000533 + 0.00602 ∗  √
1
𝐴𝑔𝑒
)                                        [3] 
which had an R2 of 0.65 (slope p = 0.0003). Given these modeled means and standard deviations 
for each age class, individual increment widths were re-expressed as cumulative percentiles 
within their respective probability distributions using the NORMDIST function in Microsoft 
Excel. Cumulative percentiles were used as standardized proxies for growth rate. These 
cumulative growth percentiles were compared among SIMPROF groups.  
 An objective of this study was to determine if there was a relationship between otolith 
composition of trace metals associated with hydrocarbons and otolith increment growth. To test 
this, multiple regression via Fathom’s MATLAB function f_mregress function modeled the 
relationship between annulus elemental concentrations and growth percentiles for all 
hydrocarbon metals, with mean metal concentrations as the predictor variable and increment 
percentile as the response variable. Residuals were permuted 1000 times to calculate 
significance.  
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Spatial and temporal variation in increment growth percentiles was tested using 
univariate analysis of variance tests. Kolmogorov-Smirnov tested the null hypothesis of a normal 
distribution in the data using the MATLAB function kstest. This function returns a 0 if the null is 
not rejected at the 5% significance level, and a 1 if the null is rejected. The output for the test of 
normality on the growth percentiles data was 1, so the null hypothesis of a normal distribution 
was rejected. Therefore, a Kruskal-Wallis analysis of variance test was used to test the null 
hypothesis of no variation of percentiles among years, sample sites, and SIMPROF groups 
separately.  
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TABLES AND FIGURES 
 
Figure 1. Inshore sample sites visited August 2012 by the Louisiana Oil Spill Coordinators 
Office (LOSCO) cruises (circles) and sites visited by Louisiana Dept. of Wildlife and Fisheries 
during 2012, 2013, and 2014 (triangles). 
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Figure 2. Sample sites visited by the Fisheries Independent Monitoring group at Florida 
Fish and Wildlife in 2011. 
 
 
Figure 3. Archaeological sample sites where midden otoliths were excavated by faculty and 
students at USF-St. Petersburg Department of Anthropology.  
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Figure 4. Photograph of a Red Drum otolith viewed with transmitted light showing the 
dorsal and ventral sides, the proximal edge, the primordium (or core center), and the sulcal 
groove. Otolith section is 0.5 mm in thickness.  
 
 
Figure 5. Otolith with measurements using Lumenera software and a microscope-mounted 
camera. Measurements were taken starting at the primordium and moving along the dorsal edge 
of the sulcal groove to the proximal margin. Otolith section is 0.5 mm in thickness. 
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Figure 6. Weedon Island midden otolith section viewed under transmitted light exhibiting 
completely opacity except for a translucent, light-colored zone that resembles a modern otolith 
section. Red lines represent separation of segments along laser sampling transect. Otolith section 
is 0.5 mm in thickness. 
 
Figure 7. Strontium-88 (Sr88) transect profile for otolith SO-084. The spike in the limits of 
detection (LOD) and simultaneous drop in Sr88 signal indicate the position where the laser has 
run off the edge of the otolith. A data cursor was used to return the value at that positon to get an 
accurate measurement of the location of the margin along the transect.  
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Figure 8. Regression model and equation describing relationship between otolith increment 
age and width measurement. 95% confidence intervals (asymmetrical) are plotted on either side 
of the regression.  
 
 
Figure 9. Linearized model used to obtain symmetrical 95% confidence intervals used to 
calculate a mean expected growth increment width for each age. 
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Table 1. Atomic masses monitored during ICP-MS tuning for stabilization of the ionic 
count signal and their target values for each parameter. Molecules are ionized and measured by 
their mass:charge ratio (m/z). When properly ionized they should have a charge of +1. The 
percent Relative Standard Deviation measures the variation of measured counts around the mean. 
U/Th indicates the volatilization efficiency of the ICP. Th0/Th is a measure of oxide production. 
Their target cps ratios are ~100% and ~0%, respectively.  
m/z Ion Counts/sec (cps) Target mean cps RSD% 
7 Li+ 1246.0 1325.2 4.97 
43 Ca+ 5747.0 6128.9 4.98 
57 Fe+ 1944.0 2039.5 4.45 
88 Sr+ 4794.0 5254.1 5.38 
238 U+ 4433.0 4366.7 4.47 
238/232 U/Th 104.4% 101.2% 4.82 
248/232 Th0/Th 0.448% 0.382% 25.27 
29 Air 195294.0 198822.2 5.27 
 
 
Table 2. Laser transect parameters programmed into Chromium software.  
Energy Level Set Point 7 mJ 
Laser Energy  86% 
Rep Rate 10 
Laser Diameter  64.1 µm 
Transect Speed 10 µm/s 
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Table 3. Table from Liu et al. (2012) identifying trace-metal concentrations (µg g-1) in 
MC252 crude oil and also within oil mousses (µg g-1 TSEM) collected from two offshore stations 
(OSS and CT) and one salt marsh station (MP). ND: not detectable. OSS=oil spill site; 
CT=control site; MP=Marsh Point, MS 
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RESULTS 
Microchemistry 
 Sagittal otoliths processed for microchemical analysis were collected from 65 modern 
Red Drum. Of these, 30 were collected during 2011 from Florida and 35 were collected during 
2012 from Louisiana (Figures 1-2, Table 4). Ages ranged 1-21 years with a mean age of 4.7 and 
a median age of 3.0 yrs. Specimens ranged in total length from 310 to 1150 mm, with a mean of 
705 mm and a median 681 mm. Metal concentrations were quantified for a total of 232 modern 
otolith annuli: 124 modern annuli from Louisiana and 108 modern annuli from Florida. In 
addition, metal concentrations in 18 transect segments from 6 archaeological otoliths were 
quantified, for a total of 250 annulus measurements for each of 9 oil metals (Table 4, aluminum 
could not be quantitatively measured; two isotopes of copper, 63Cu and 65Cu, were measured).  
SIMPROF Analysis 
The SIMPROF method identified 29 significant groups of annuli within the mean metal 
abundance data. Groups were plotted onto a seriated heat map with similar groups adjacent to 
each other on the x-axis and associated metals plotted near each other on the y-axis (Figure 10). 
The largest SIMPROF group had the lowest overall metal concentrations. This “clean” group 
was assigned as a reference group for comparison with other groups. Other groups were 
characterized by having one or more metals in higher concentrations than the reference group.  
The two “cleanest” groups, or groups with the lowest overall metal concentrations, from 
the SIMPROF analysis were (1) the largest and cleanest group (n = 70 annuli and Pre-Columbian 
otolith segments) and (2) the second largest and second cleanest group (n = 54 annuli and Pre-
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Columbian otolith segments). Samples from CKM and BB fell into the cleanest reference group 
at a higher occurrence than expected. Samples from WTB, MG, and ETB were placed into the 
second largest group at a higher occurrence than expected, although ETB was under-represented 
in the cleanest group, and BB and WB were under-represented in the second cleanest group. WI 
was under-represented in each of these groups, largely due to the abundance of vanadium at WI 
(Table 8).  
Conversely, for SIMPROF groups characterized by elevated metal concentrations, BB 
and CKM were classified more often than expected in groups with high 208Pb and 24Mg, 
respectively. Samples from TB, CR and APM were classified in groups with high Cu or high 
60Ni and 59Co more often than expected. Weedon Island occurred more in groups with very high 
51V than expected, and was also absent from the two cleanest groups. For sample years, annuli 
from 2010 had a significantly higher occurrence in groups with high 63Cu and 65Cu composition, 
and moderately high 60Ni (p = 0.037), and annuli from 2012 had a significantly higher 
occurrence in a group with elevated 208Pb levels (p = 0.001, Table 9). 
Midden otolith laser transects were divided into three equal segments to measure the 
gradient of metal concentrations from the core to the margin. When included in the SIMPROF 
analysis, there was clear separation between archaeological otolith transect segments that 
included translucent zones and those segments that included opaque zones. An a priori 
assumption was made that transect segments incorporating preserved (translucent) zones would 
be included in the cleanest group of modern otoliths (i.e., the reference group) due to lower 
environmental availability of heavy metals before the industrial revolution. This assumption was 
supported by midden otolith 802, section 2 (Figure 11. Fossil otolith 802. The laser transect 
passed directly through its translucent zone and when parsed into thirds, segment 2 was grouped 
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into SIMPROF reference group.). This segment was classified within the reference group among 
those modern otoliths that had low oil-metal concentrations, and was composed almost entirely 
of translucent material within an otolith that was otherwise opaque. The third section of this 
otolith, which included the margin, had some opaque material yet was placed into a fairly clean 
SIMPROF group characterized only by elevated 64Zn levels, while the first segment, which 
included the primordium, was classified as its own group and had high levels of 51V and 64Zn. 
In addition to segment 802-2, five segments from two other midden otoliths were 
included in groups with low oil-metal abundances. These were segments WI804-2, 3 and 
CR808-1, 2, 3. The Crystal River (CR808) otolith segments were all classified within the same 
group. Otolith CR808 appeared to be affected very little by diagenesis, and there were no distinct 
opaque zones even though this otolith is similar in age to the Weedon Island otoliths. The Crystal 
River Archaeological Site contained a layer of marine seashells four times thicker than the 
Weedon Island site, which could have provided a more effective pH buffer against Florida’s 
acidic rain and sediments, effectively protecting the otolith from diagenesis for a much longer 
period of time. Crystal River segments were classified within a group that had low overall metals 
but elevated 60Ni and 59Co concentrations. Other segments of Weedon Island otoliths and the 
other midden samples formed either entirely new SIMPROF groups or were included with 
modern annuli within groups that were characterized by high mean concentrations of 51V; these 
segments incorporated material that appeared to have undergone at least some diagenesis. 
Attempts to delineate between aragonite and calcite using Feigl’s test was unsuccessful, as it did 
not produce a chemical reaction. 
The SIMPROF procedure separated fossil transect segments into (1) the “clean” 
reference group, (2) groups containing modern otolith transects with lower metal content 
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(“somewhat clean”), or (3) groups that only contained other fossil transect segments with high 
metal content (“dirty”). To test the significance of variation in metal composition among these 
categories (clean, somewhat clean, dirty), a nonparametric Kruskal-Wallis ANOVA was 
performed (a Kolgomorov-Smirnov test rejected the null hypothesis of normality). Four of the oil 
metals had significantly different oil metal concentrations among the three categories: 51V, 63Cu, 
65Cu, and 208Pb (Table 10).  
Multivariate Analysis of Variance 
Two-way NP-MANOVA was performed to test the null hypothesis of no spatial or 
temporal variation in mean oil-associated metal concentrations. P-values were calculated for 
variation among sites and years separately, and also for an interaction effect between the two 
variables (sites × years). There was no significant variation in metal concentrations among sites 
(p = 0.123), but variation among years was significant (p = 0.048), as was the interaction effect 
(p = 0.012) at α = 0.05, thus rejecting the null hypothesis (Table 11). To further investigate the 
year and interaction effect, five one-way NP-MANOVA tests were performed to determine the 
variation of metal concentrations among all sites for each year (Table 12). Variation in metal 
concentrations among sites in 2008 was significant (p=0.04); the other 4 tests were insignificant. 
A pairwise NP-MANOVA test was then used to determine differences among individual sites. 
Pairwise output indicated Middle Grounds was significantly different from East Terrebonne Bay 
(p = 0.04) and Cedar Key (p = 0.04). To determine which metals were significantly different 
between MG and ETB, and MG and CKM, a series of Mann-Whitney tests was performed. Of 
these tests, only 24Mg was significantly different in 2008 between Middle Grounds and Cedar 
Key (p = 0.03) at α = 0.05 (
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Table 13). The Mann-Whitney test did not find significant differences in any metals 
between East Terrebonne Bay and Middle Grounds in 2008. This discrepancy could have been 
due to the small sample size.  
Growth  
A total of 55 otoliths were used in the growth analysis. Only 8 samples from the 2012 
LOSCO cruises met the age criteria for this analysis. Eighteen samples collected by Louisiana 
Dept. of Wildlife and Fisheries increased the total number from LA to 26. There were 29 useable 
Florida otoliths, as only one was unable to be used for growth analysis due to its age.  
Multiple regression showed no significant relationship (p = 0.75, R2 = 0.06) between 
mean concentration of hydrocarbon metals and relative growth rates. There was also no 
significant difference in growth percentiles among locations (p = 0.14, Table 16). However, 
differences of growth percentiles among years (Table 17) was significant (p = 0.004). The year 
2010 had the lowest median growth percentiles among years 2000–2014 (Figure 12). Another 
Kruskal-Wallis test was then used to test the spatial variation of growth during 2010 to determine 
which sampling locations showed the lowest growth in 2010. Spatial variation of median growth 
percentiles was significant (p = 0.047, Figure 1), and the lowest growth from 2010 occurred in 
Cedar Key.  
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TABLES AND FIGURES 
Table 4. Otoliths analyzed from 4 sources and 18 sample sites in Louisiana and Florida 
(WTB=West Terrebonne Bay; ETB=East Terrebonne Bay; GT=Grand Terre; WB=Wilkinson 
Bay; BJ=Bay Jimmy; BB=Bay Batiste; SEP=Southeast Pass; MG=Middle Grounds; 
APM=Apalachicola Bay Monitoring; CKM=Cedar Key Monitoring; TB=Tampa Bay; 
SBM=Sarasota Bay Monitoring; CHM=Charlotte Harbor Monitoring; PACM=Point aux Chenes 
Marina; BSM=Bridgeside Marina; VM=Venice Marina; WI=Weedon Island; CR=Crystal River). 
Sample numbers for otoliths used in for microchemical analysis, growth analysis, and total used 
in this study.  
 
 
Source 
 
Locations 
 
Years 
collected 
 
No. used for 
microchemistry 
analysis 
 
No. used 
for growth 
analysis 
 
Total 
used in 
this study 
Louisiana Oil 
Spill 
Coordinators 
Office 
WTB, ETB, GT, 
WB, BB, BJ, 
SEP, MG 
2012 35 8 35 
Fisheries 
Independent 
Monitoring 
APM, CKM, TB, 
SBM, CHM 
2011 30 29 30 
LA Dept. of 
Wildlife and 
Fisheries 
PACM,  BSM, 
VM 
2012 2013  
2014 
0 18 18 
USF Dept. of 
Anthropology 
WI, CR 2007 2009 
2011 
6 0 6 
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Analytes WTB ETB GT WB BJ BB SEP MG APM CKM TB SBM CHM WI CR 
24Mg 8.51 15.8 21.93 21.29 15.01 17.27 16.31 11.05 15.39 17.14 14.18 14.83 15.9 27.08 30.66 
51V 0.004 0.004 0.004 0.004 0.003 0.004 0.003 0.006 0.004 0.003 0.008 0.004 0.003 0.353 0.002 
53Cr 0.031 1.398 0.046 0.049 0.049 0.041 0.03 0.13 0.037 0.043 0.056 0.051 0.053 0.039 0.044 
54Fe 226 210.5 204.9 207.8 191 178.7 177.8 204.6 199.3 194.6 206 157.8 199.8 208.8 237 
59Co 0.231 0.207 0.163 0.214 0.183 0.081 0.068 0.154 0.142 0.131 0.166 0.058 0.11 0.159 0.3 
60Ni 0.062 0.109 0.114 0.14 0.096 0.049 0.078 0.074 0.117 0.072 0.077 0.065 0.123 0.093 0.169 
63Cu 0.082 1.114 1.85 0.8 0.285 0.13 0.096 0.019 3.153 0.284 0.428 0.201 0.012 0.206 0 
64Zn 0.086 0.343 0.366 0.177 0.313 0.13 0.147 0.099 0.23 0.159 0.143 0.17 0.074 0.519 0.125 
65Cu 0.156 1.137 0.546 0.864 0.367 0.16 0.137 0.069 0.713 0.398 0.531 0.213 0.031 0.267 0 
208Pb 0.066 0.071 0.105 0.052 0.06 0.094 0.061 0.079 0.072 0.074 0.063 0.097 0.071 0.063 0.012 
 
  
 
 
 
 
Table 5. Mean Red Drum otolith annulus concentrations (ppm) of hydrocarbon-associated trace metals for all sampling sites 
(WTB=West Terrebonne Bay; ETB=East Terrebonne Bay; GT=Grand Terre; WB=Wilkinson Bay; BJ=Bay Jimmy; BB=Bay 
Batiste; SEP=Southeast Pass; MG=Middle Grounds; APM=Apalachicola Bay Monitoring; CKM=Cedar Key Monitoring; 
TB=Tampa Bay; SBM=Sarasota Bay Monitoring; CHM=Charlotte Harbor Monitoring; WI=Weedon Island; CR=Crystal River). 
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Table 6. Average concentrations (ppm) of hydrocarbon-associated trace metals in years 
before, during, and after the DWH oil spill (2008-2012). 
Analytes  2008 2009 2010 2011 2012 
24Mg  14.27 14.35 16.18 15.67 18.25 
51V  0.004 0.007 0.004 0.005 0.005 
53Cr  0.054 0.104 0.728 0.046 0.037 
54Fe  200.4 198.1 200.9 201.2 202.0 
59Co  0.142 0.149 0.165 0.160 0.184 
60Ni  0.082 0.087 0.091 0.096 0.112 
63Cu  0.525 0.285 0.416 1.705 1.598 
64Zn  0.213 0.177 0.180 0.170 0.339 
65Cu  0.579 0.419 0.418 0.296 1.268 
208Pb  0.055 0.091 0.072 0.065 0.080 
 
Table 7. Results of Mann-Whitney test of Red Drum oil metal concentrations (ppm) 
between the SIMPROF reference group and all other groups. Significant p-values are in bold 
(α=0.05).  
Analytes  Reference 
Group Means 
Non-Reference 
Group 
Mann-Whitney  
p-values 
24Mg 15.00 17.20 0.58 
51V 0.003 0.035 <0.001 
53Cr 0.040 0.285 0.08 
54Fe 186.0 207.5   <0.001 
59Co 0.089 0.190 <0.001 
60Ni 0.060 0.107 <0.001 
63Cu 0.036 1.187 <0.001 
64Zn 0.121 0.262 0.02 
65Cu 0.059 0.687 <0.001 
208Pb 0.061 0.075 0.15 
 
 
 
 
 
 
 
 
34 
 
Table 8. Results of frequency of occurrence method for the two cleanest SIMPROF 
groups. Cumulative relative frequency values >0.95 indicate sites were classified into either 
SIMPROF group more frequently than expected; values <0.05 indicate sites classified into these 
groups less frequently than expected. Location names are located in Table 5 description.  
 
SIMPROF group 
 
Location 
 
n observed 
Cumulative 
Relative 
Frequency 
2nd cleanest WTB 4 0.999 
2nd cleanest MG 12 0.999 
2nd cleanest ETB 13 0.999 
2nd cleanest BB 0 0.038 
2nd cleanest WI 0 0.020 
2nd cleanest WB 0 0.013 
reference  CKM 15 0.988 
reference  BB 6 0.965 
reference  WI 1 0.043 
reference  ETB 3 0.011 
 
Table 9. Results of frequency of occurrence method for SIMPROF groups with higher 
metal concentrations. Cumulative Relative Frequencies >0.95 indicate years or sites that were 
classified into their SIMPROF group more frequently than expected.  
 
Factor 
 
Location/YR 
 
n observed 
Cumulative 
Relative 
Frequency 
Metal characterizing 
SIMPROF group 
 2010 4 0.990 moderate Cu 
Year 2010 5 0.963 high Cu, moderate Ni 
 2012 6 0.999 high Pb 
 TB 4 0.979 high Ni, Co 
 CR 3 1.000 high Ni, Co 
 WI 3 1.000 high V, elevated Zn 
Site WI 4 1.000 very high V, elevated 
Zn 
 TB 4 0.992 high Cu 
 APM 5 0.998 high Cu 
 APM 5 0.998 high Cu, moderate Ni 
 BB 3 0.997 high Pb 
 CKM 3 0.998 elevated Mg 
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Table 10. Results of Kruskal-Wallis tests for differences among separate SIMPROF groups 
of fossil otolith transect sections. Mean metal concentrations (ppm) for (1) fossil otolith transect 
segment grouped within the reference group (n=1), (2) transect segments grouped within 
SIMPROF groups that were relatively “clean” and contained modern otoliths (n=9), and (3) 
fossil otolith sections that were grouped either alone, or with other fossil transect segments 
(n=8). Significant p-values are in bold (α=0.05). 
 
Analytes 
 
Within reference 
group 
 
Within 
“clean” groups 
 
Grouped only with 
other fossil sections 
 
Kruskal-Wallis      
p-values 
24Mg 20.78 26.20 30.22 0.28 
51V 0.003 0.055 0.602 0.002 
53Cr 0.038 0.047 0.032 0.17 
54Fe 209.5 219.2 207.7 0.08 
59Co 0.159 0.206 0.162 0.85 
60Ni 0.072 0.100 0.118 0.47 
63Cu 0.014 0.051 0.328 0.02 
64Zn 0.081 0.306 0.666 0.09 
65Cu 0.054 0.076 0.411 0.04 
208Pb 0.039 0.035 0.080 0.004 
 
Table 11. Results of two-way NP-MANOVA tests of variation in hydrocarbon associated 
trace-metal concentrations among sample sites, years, and interaction effect (α=0.05). 
Factor F p 
Sites 2.26 0.123 
Years 2.93 0.048 
Interaction 15.2 0.012 
 
Table 12. One-way NP-MANOVA tests of variation in hydrocarbon associated trace-metal 
concentrations among individual sample years (α=0.05). 
Years F  p 
2008 5.50  0.04 
2009 0.55  0.74 
2010 0.62  0.50 
2011 0.51  0.63 
2012 0.43  0.91 
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Table 13. Results of Mann-Whitney tests of median metal concentrations in 2008 between 
sample sites MG and ETB, and between sample sites MG and CKM.  
Analytes MG v. ETB 
p-values 
MG v. CKM 
p-values 
24Mg 0.38 0.03 
51V 0.86 0.43 
53Cr 0.86 0.54 
54Fe 0.38 0.25 
59Co 0.38 0.54 
60Ni 0.86 0.32 
63Cu 0.19 0.12 
64Zn 0.10 0.25 
65Cu 0.19 0.33 
208Pb 0.86 0.25 
 
Table 14. Results of NP-MANOVA tests of variation in hydrocarbon associated trace metal 
concentrations among individual sample years and all years in collected Red Drum exhibiting 
one of the following: skin lesion, spleen tumor, liver tumor, fin rot, parasites, or none of these 
(healthy fish). Significance is defined at α=0.05. 
Increment 
year 
F                p 
2008 7.08 0.09 
2009 0.24 0.59 
2010 1.11 0.28 
2011 1.06 0.41 
2012 0.14 0.36 
Lifetime 0.07 0.56 
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Table 15. Age frequency and mean width-at-age measurements (mm) for all samples. 
Age  n Minimum Maximum Range Mean 
Width 
Standard 
Deviation 
1 55 0.998 1.450 0.454 1.200 0.074 
2 55 0.500 0.876 0.376 0.680 0.061 
3 51 0.483 0.735 0.252 0.609 0.054 
4 30 0.455 0.669 0.214 0.565 0.049 
5 20 0.370 0.608 0.238 0.496 0.059 
6 11 0.404 0.522 0.119 0.456 0.038 
7 9 0.387 0.458 0.071 0.432 0.025 
8 7 0.346 0.472 0.126 0.395 0.042 
9 7 0.351 0.432 0.082 0.389 0.031 
10 7 0.342 0.432 0.090 0.396 0.034 
11 6 0.370 0.469 0.099 0.399 0.040 
12 6 0.332 0.439 0.108 0.372 0.038 
13 4 0.332 0.476 0.145 0.404 0.060 
14 2 0.327 0.342 0.015 0.335 0.012 
15 2 0.374 0.383 0.009 0.379 0.007 
Total 272 0.327 1.450 1.130 0.684 0.282 
 
 
Table 16. Average percentile of otolith growth increments by sample site.  
 
Site 
  Average 
Percentile 
West Terrebonne Bay 0.568 
East Terrebonne Bay 0.585 
Bay Jimmy 0.563 
Middle Grounds 0.508 
Apalachicola  0.417 
Cedar Key 0.362 
Tampa Bay 0.487 
Sarasota Bay 0.564 
Charlotte Harbor 0.440 
Pointe Aux Chene Marina 0.604 
Venice Marina 0.474 
Bridgeside Marina 0.497 
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Table 17. Mean percentile of otolith growth increments by sample year.  
 
Year 
 
Mean Percentile 
2008 0.467 
2009 0.480 
2010 0.319 
2011 0.507 
2012 0.795 
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Figure 10. Seriated heat map of standardized annulus mean metal concentrations (x-axis) arranged into SIMPROF groups, and 
metals (y-axis) arranged by Index of Association. Lighter shades represent low overall percent concentrations while darker colors 
represent high overall concentrations. Black represents annuli with mean metal concentrations greater than 5% the total metal 
concentration for all annuli. 
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Figure 11. Fossil otolith 802. The laser transect passed directly through its translucent zone 
and when parsed into thirds, segment 2 was grouped into SIMPROF reference group. 
 
 
Figure 12. One-way ANOVA boxplot of growth rate percentiles among years (2000-2014). 
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Figure 13. One-way ANOVA boxplot of growth rate percentiles among locations (2010). 
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DISCUSSION 
Otolith microchemistry reflects complex processes and can be influenced by ambient 
water chemistry, temperature, diet, or stress (Campana 1999, Kalish 1992, Buckel et al. 2004, 
Elsdon and Gillanders 2004). Anthropogenic influences on a fish’s physical environment can 
affect element incorporation as well, including exposure to hydrocarbons (Geffen et al. 1998, 
Morales-Nin et al. 2007, Jen Granneman, USF, unpublished data). When combined, an otolith’s 
incorporation of metals from its environment and the formation of distinct annual chronologies 
(annuli) allow for post hoc examinations of past life events such as the Deepwater Horizon oil 
spill. To investigate whether Red Drum were exposed to Deepwater Horizon oil, and whether 
their overall condition was affected by exposure, I considered three lines of evidence: (1) otolith 
elemental composition as an indication of sudden increases in oil-metal concentration, (2) 
changes in relative growth rates that correlate with increased oil-metal concentrations, and (3) 
variation in these indicators relative to the spatial and temporal context of the oil-spill.  
Multivariate Analysis of Modern Otoliths  
Multivariate analysis of variance in element concentrations was insignificant, providing 
little evidence of any temporal trends in trace-metal abundance. One exception was 2008, in 
which samples from two sites, MG and CKM, had significantly different 24Mg concentrations. 
This single case clearly does not coincide with the 2010 DWH oil spill, and the lack of trace-
metal concentration variation across the 5 sample years does not identify an episodic event 
during that time. For a large oil-spill event such as DWH, I expected a spike in oil metals during 
2010 as fish were exposed to large quantities of hydrocarbons, and a subsequent decline in these 
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metals post-2010. This phenomenon was not observed—elemental abundances in annuli that 
were formed prior to 2010 were not significantly different from elemental abundances in annuli 
that were formed during 2010 or post-2010. Frequency-of-occurrence analysis of samples’ 
SIMPROF classifications did indicate 2010 was classified more often than expected into groups 
containing high 63Cu and 65Cu values and moderately high 60Ni values. The association of 2010 
with 60Ni is interesting, as it is a good crude oil indicator.  Copper was present in DWH crude oil, 
but can also be traced back to several anthropogenic sources, including boat and ship traffic 
(Ytreberg et al. 2010) and metallurgy (Park and Dam 2008). Additionally, 2012 was classified 
into a group with high 208Pb values more often than would be expected from random 
classification. Although I did observe a steady trend of increasing 208Pb concentrations during 
2008-2012 (p=0.02, Figure 14), it is unlikely the lead came from an episodic source. Fluvial 
inputs of lead are a significant source for estuarine 208Pb levels and lead is often sourced from 
hydrocarbon combustion and heavy industrial activity (Komarek et al 2008), and so it is possible 
that increasing values throughout the sampling period were related to terrestrial pollution (Bird 
2011). 
 There was a lack of spatial differences in oil-metal concentrations as well. Several sample 
sites included in this study were documented as having been heavily oiled (Silliman et al. 2012, 
Boopathy. et al 2012); however, there was no evidence of Red Drum otoliths having higher oil-
associated metal concentrations at those sites. Barataria Bay, Louisiana is a large bay in which 
four sample sites were located: Bay Jimmy, Bay Batiste, Wilkinson Bay, and Grand Terre. This 
area was heavily oiled, yet samples from these sites were included in the reference group and in 
other groups with fairly low metal concentrations. Bay Batiste was classified into the reference 
group more often than expected by random chance. Conversely, samples collected from locations 
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in Florida that received very little DWH oil, such as Tampa Bay, were included in SIMPROF 
groups that contained high concentrations of several oil metals. Frequency-of-occurrence 
analysis showed that both heavily oiled sites and little-oiled sites were placed into one of the two 
“cleanest” SIMPROF groups significantly more often than what would be expected from random 
placement. There were also sites from both states that were placed into SIMPROF groups with 
high metal concentrations at significantly higher rates than expected. 
The lack of any significant variation in otolith mean metal concentrations could suggest 
that hydrocarbon metals are ubiquitous across both Louisiana and Florida, and were present in 
both coastal areas before the oil-spill event. These observations could support diffuse sources of 
hydrocarbons metals for shallow Gulf Coast waters rather than one or more point sources. 
Another explanation for no variation of metal concentrations could be adult Red Drum have been 
known to migrate significant distances around the Gulf (Ingle et al. 1962, Overstreet 1983). 
Locations were assigned to individual fish based on their site of capture and it is unclear how 
long an individual was present in its location of capture before it was caught. It is more likely 
juveniles were present in their captured location in previous years, but adults are much more 
uncertain given that they move further into the Gulf as they mature and grow larger. In addition 
to normal migration, exposure to oil could have caused the fish to leave the area entirely. 
Furthermore, the level of exposure required to cause a measurable change in otolith 
microchemistry is unknown.  
Archaeological Baseline 
 Fish otoliths from Florida sites were initially assumed to contain lower overall 
hydrocarbon-associated metal concentrations than Louisiana, and thus it was thought that Florida 
could possibly provide baseline information for otolith elemental comparisons. This hypothesis 
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was rejected, however, based on the preceding analyses. As an alternative baseline, I analyzed 
pre-Columbian midden otoliths. Alteration of the aragonite crystal structure was a concern for 
the midden otoliths, as diagenesis and taphonomic processes can alter the original elemental 
compositions (Disspain et al. 2015). Aragonite is more prone to diagenesis than calcite (Marshall 
1992), and crystal transformation of aragonite into calcite through dissolution or neomorphic 
replacement is well documented (Webb et al. 2008). Alteration of the crystal structure could 
implicate elemental alteration as well, making microchemistry analysis unreliable. I considered 
the possibility that those translucent zones (when viewed under transmitted light) within the 
otolith that highly resembled modern otolith material constituted preserved material, while the 
very dark and opaque zones within the otolith had an altered crystalline form.  
The separation of fossil transect segments in the SIMPROF method provided clear 
evidence of differences in elemental composition between the translucent and opaque zones in 
these otoliths. While further testing to confirm aragonite vs. calcite zones was unsuccessful, the 
placement of translucent segments into “cleaner” groups supports the idea that they were 
unaltered, with the opaque segments being altered by diagenetic processes. If translucent zones 
were completely unaltered, then their use as an ancient baseline for otolith microchemistry would 
be justified.  
Segment 2 (middle of transect) from midden otolith WI802 (WI=Weedon Island) was 
classified within the reference group and was the only segment that was completely composed of 
translucent material (Figure 11). Other midden-otolith transect segments that were included in 
SIMPROF groups with other modern otoliths containing moderate metal abundances 
incorporated some opaque material within them, with the possible exception of the Crystal River 
otolith. Other otolith segments could have had their mean abundances skewed by the presence of 
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some opaque (diagenetic) material. This may have occurred because more effort was put into 
defining segments at consistent locations adjacent to the otolith sulcus rather than bounding the 
segments so that portions would only incorporate either translucent or opaque material. In the 
future, bounding each type of material separately could allow more distinctive groupings among 
segments.  
Many opaque segments were classified within their own groups (i.e., groups that 
excluded modern otoliths) and were characterized as having some of the highest metal 
concentrations of all samples, particularly in the case of 51V. To better understand the 
discrepancies between opaque and translucent material in midden otoliths, I considered possible 
routes of deposition. Possible routes would have occurred biotically, abiotically, or as some 
combination of the two. If a biotic route occurred, then these metals would have been deposited 
when the fish was alive, implying that these metals would have been available in high enough 
concentrations within the ambient water or diet. If the route was abiotic, then incorporation 
would have occurred after the death of the fish through diagenesis of the original otolith CaCO3. 
If this latter scenario was the case, then the diagenetic process would need to produce the 
observed elevated concentrations of certain metals, notably 51V, in order for the process to be a 
viable possibility. 
The low metal concentrations in translucent zones was similar to modern otoliths 
extracted from living fish, but the levels of 51V in the opaque zones was significantly higher than 
almost all other samples (Figure 10). This distinction, along with visual evidence, suggests that 
the translucent zones are preserved (original) material and the opaque zones have undergone 
diagenetic recrystallization. Biological deposition of very high levels of 51V within a living fish 
appears highly unlikely; the low concentration of 51V in modern and translucent samples argues 
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against biological uptake of 51V in midden otoliths. In addition, environmental availability of 
high levels of 51V was unlikely when these fish were alive. The Tampa Bay region of Florida has 
been geologically stable throughout the Holocene and has had no significant natural hydrocarbon 
presence. Physiological uptake of naturally occurring hydrocarbon metals appears to be an 
unlikely source of the high levels of 51V in the fossil otoliths. 
In contrast, if 51V input were abiotic, then the logical route would be through taphonomic 
processes in the otolith microstructure. High levels of 51V occurred almost exclusively in fossil 
otolith zones that likely underwent diagenesis. Logical routes for 51V to move into otolith 
microstructure through diagenesis would be through submersion in seawater contaminated with 
high levels of V, through atmospheric processes with high levels of 51V, or some combination of 
the two.  
The otoliths were removed from seawater and buried above sea level by the Weeden 
Island natives ~800-850 years ago. Studies have shown that sea level in the Tampa Bay area has 
been stable for most of the last 5,000 years (Edgar 2004), and sea-level variation have not 
surpassed ±0.25 m in the past 2,100 years (Kemp et al. 2011). A preliminary USGS study has 
documented a “bathtub ring” of middens around the Tampa Bay area which, assuming they were 
built close to the shoreline, shows a maximum sea level +76 cm relative to present that occurred 
1,500 years ago (Edgar 2004). Since then, there has been a decline in sea level. The deposition of 
the otoliths into the midden above sea level ~850 years ago means they have not experienced 
prolonged submersion since burial. The only time they could have been submerged would be 
during temporary storm surges. But since the metals in question are primarily anthropogenically 
sourced hydrocarbon metals, any submersion up until the last ~100 years would probably be 
unimportant. During that time, Tampa Bay has been continuously developed, and 10 hurricanes 
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have passed through the region. There have also been two large oil spills, with one taking place 
in 1970 within 2 km of the archaeological site. The storm in 1985, along with the oil from the 
nearby 1970 spill, could have caused oil contact with the otoliths; however, no oil residues were 
found in the middens. In addition, the movement of 51V from the oil phase into the aqueous 
phase is extremely slow. This is inconsistent with the high levels of 51V detected in these 
otoliths, and so deposition by submersion in seawater also appears unlikely.  
An atmospheric vector appears to be the most likely route for these oil metals. 51V is a 
common constituent of atmospheric aerosols that is primarily sourced from fuel-oil combustion, 
and is also found in lubricating oils of most types of combustion engines (Agrawal et al. 2008, 
Shafer et al. 2012). Weedon Island and Crystal River are located in close proximity to large 
power plants. The Weedon Island midden site is only 600 m away from a power plant that 
burned fuel oil from 1972 to 2009 before switching to natural gas. The Crystal River midden site 
is ~1.8 km southeast of the Crystal River Energy Complex, which houses 4 coal-fired power 
plants. In addition to power plants, the archaeological excavation sites are located near a large 
metropolitan area populated by nearly 3 million people. Burned hydrocarbons released into the 
atmosphere by automobile, boat, and ship exhaust, power plants, and industrial activity could be 
transported by precipitation into the midden and deposited above buried otoliths. This is 
particularly likely when the middens are located in very close proximity to smoke stacks at an 
oil-fired power plant, as is the case for the Weedon Island midden. 
Growth 
A principal objective of the present study was to determine if relative Red Drum growth 
varied before, during, or after the oil spill. Growth rate is a good indicator of overall fish 
condition, including reproductive potential. Faster growing fish have a higher potential for 
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increased reproductive fitness through earlier maturity, decreased predator risk, and the 
geometric relationship between body size and fecundity (Rypel 2011). Calculated growth 
percentiles provided a method for investigating relative growth rates. Multiple regression 
analysis with percentile as the response variable and hydrocarbon metal concentrations as the 
predictors yielded insignificant results, suggesting no relationship between the metals and 
relative growth. There was a significant difference of relative growth rates among the study 
years, with 2010 exhibiting the slowest growth rates. When investigated further by testing the 
spatial variation during that year, Cedar Key and Apalachicola showed the lowest overall growth 
rate. While it is interesting that growth decreased significantly in 2010, the fish exhibiting slow 
growth that year were mostly from Florida locations.  
Atmospheric and Riverine Metal Inputs 
These analyses provide little evidence of any effect of Deepwater Horizon oil on Red 
Drum growth in the northern Gulf of Mexico or along the west coast of Florida. The lack of 
spatial variation in otolith hydrocarbon metals suggests these metals are widespread indicators of 
modern technology and civilization, and are not simply concentrated around areas of high oil 
production, such as in Louisiana. The West Florida Shelf (WFS) has no meaningful oil extraction 
activities, yet otoliths collected as far south and east as Charlotte Harbor and Sarasota Bay were 
not significantly different from those in Louisiana. While there is evidence of DWH 
hydrocarbons being transported to the WFS at depth (Weisberg et al. 2014), Louisiana received 
much more surface oil. Nevertheless, the lack of any measured trend in relative growth between 
sampling sites suggests there was no oil effect on Red Drum growth in either Louisiana or 
Florida.  
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Coastal marine waters continuously receive pollutants and heavy metals from terrestrial 
and atmospheric sources (Olsen et al. 1981). Atmospheric and riverine inputs may be significant 
contributors, but the ultimate sources are often diffuse and difficult to pinpoint. Red Drum spend 
their juvenile years in inshore habitats, increasing their potential for exposure to these sources. 
Even after they have mature and moved seaward, many Red Drum adults periodically return to 
shallow coastal waters, where exposure from landward sources of pollution may continue.  
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CONCLUSIONS 
The main objective of this study was to investigate any relationships between relative 
Red Drum otolith growth rates and hydrocarbon-associated trace element abundance, and to 
establish an elemental baseline using ancient otoliths collected from two archaeological sites in 
west-central Florida. This study was novel in that it compared ancient otolith microchemistry 
baselines to modern otoliths collected after the DWH oil spill. The general conclusions of the 
present study and emerging observations from two related studies are summarized by the 
following: 
1. Archaeological (midden) otoliths—I was only able to use ancient otoliths for baseline 
because translucent and opaque zones were clearly visible within them (after sectioning) 
and because the SIMPROF method confirmed microchemical differences between the 
translucent and opaque zones. Although only one fully translucent segment in the midden 
otoliths was discovered (and was classified within the clean reference group), there are 
likely many other midden otoliths (or segments) that could be used for baseline in future 
studies. The methods used in the present study could potentially be used to estimate 
ancient baselines in other species/locations in order to provide a better understanding of 
paleo-environments and how they compare to modern conditions.  
2. While preserved material within midden otoliths can provide viable microchemical 
baselines, non-preserved otolith regions exhibited extremely high levels of 51V, which is 
a common product of hydrocarbon combustion during routine activities such as electrical 
power production and transportation. This supports the hypothesis that atmospheric 
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pollution can be a significant contributor to coastal trace-metal concentrations in the 
ambient environment. However, fish movement could have played a role as well.  
3. I found no spatial trend between otolith oil metal concentrations in Red Drum collected at 
sites that received little to no DWH oil and those that were heavily oiled.  
4. The present study also did not provide evidence that Red Drum collected in Louisiana 
and Florida post-DWH were exposed to sharply elevated levels of hydrocarbons at any 
point before, during, or after the event. Rather, the evidence presented here indicates 
hydrocarbon-associated trace metals—as a group— exist at similar levels in both states’ 
waters. I suggest this is due to anthropogenic inputs of hydrocarbons, hydrocarbon 
combustion products, and heavy metals into the atmosphere and onto land, where it 
becomes carried to the coast by surface runoff. 
5. The data provided no evidence of a relationship between growth and oil-marker elements, 
yet there was a significant decrease in growth rate during 2010.  
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FIGURES 
 
Figure 14. Boxplot of median otolith annulus concentration of 208Pb by sample year. 
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APPENDIX 
Table A1. Fossil otoliths extracted from archaeological middens.  
Otolith # Site Bag# Unit Level Left/Right weight (g) C14 Dates 1∑ 68% probability C14 dates 2∑ 95% probability 
FSO1 8PI1 6OT 85775E 3 L 0.14 cal AD 1160-1220 cal AD 1050-1080;cal AD 1150-1250 
FSO2 8PI1 12OT 957.75E 3 R 0.29 cal AD 1160-1220 cal AD 1050-1080;cal AD 1150-1250 
FSO3 8PI1 50-OT 8511E IIb-1 ? 0.42 cal AD 1155-1215 cal AD 1050-1085;cal AD 1125-1140;cal AD 1150-1225 
FSO4 8PI1 54-OT 8511E IIb-2 ? 0.64 cal AD 1155-1215 cal AD 1050-1085;cal AD 1125-1140;cal AD 1150-1225 
FSO5 8PI1 129-OT 957.75E IIIa-1 R 0.56 cal AD 1160-1220 cal AD 1050-1080;cal AD 1150-1250 
FSO6 8PI1 130-OT 857.75E IIIa-1 L 0.46 cal AD 1160-1220 cal AD 1050-1080;cal AD 1150-1250 
FSO7 8PI1 4-OT 857.75E 2-PF R 0.62 cal AD 1155-1215 cal AD 1050-1085;cal AD 1125-1140;cal AD 1150-1225 
FS08 8CI1 1091 8-TR3 3 (40-
50cm) 
? ? cal AD 646-686  
 
Table A2. Specimens analyzed using microchemistry techniques.  
TRIP # Program SAMPLE # COLLECTED Age SL (mm) TL (mm) WT (g) 
APM11010703 FIM 121 1/20/2011 3 505 615 2408.6 
APM11020606 FIM 181 2/15/2011 3 532 647 2790.2 
APM11030107 FIM 66 3/1/2011 3 572 682 3470.8 
APM11040703 FIM 177 4/13/2011 3 518 618 2296.6 
APM11050603 FIM 75 5/9/2011 3 485 590 2048.5 
APM11050804-1 FIM 21 5/18/2011 4 580 703 3477.3 
APM11051103-7 FIM 103 5/25/2011 3 594 725 3795.9 
APM11051104 FIM 31 5/25/2011 3 540 653 2751.5 
APM11100306 FIM 6 10/5/2011 3 371 440 965.6 
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APM11100502-6 FIM 14 10/12/2011 3 549 684 3060.8 
BB-004 LOSCO 164 8/9/2012 21 880 990 13700 
BB-014 LOSCO 99 8/9/2012 2 610 710 3814 
BB-015 LOSCO 85 8/9/2012 1 460 540 1430 
BB-017 LOSCO 120 8/8/2012 2 520 610 8198 
BB-017 LOSCO 120 8/8/2012 2 520 610 8198 
BJ-101 LOSCO 30 8/4/2012 2 600 680 3846 
BJ-102 LOSCO 152 8/4/2012 5 720 820 7780 
BJ-103 LOSCO 91 8/4/2012 21 810 910 9970 
BJ-106 LOSCO 128 8/4/2012 2 590 640 3094 
BJ-107 LOSCO 162 8/4/2012 2 540 600 2460 
CHM11010505-1 FIM 51 1/20/2011 3 608 715 3627.1 
CKM11020207-1 FIM 82 2/2/2011 3 490 602 2221.4 
CKM11030304-1 FIM 20 3/2/2011 3 506 621 2778.6 
CKM11030304-2 FIM 167 3/2/2011 3 502 605 2150.4 
CKM11030304-3 FIM 79 3/2/2011 4 510 615 2445.3 
CKM11030805-1 FIM 43 3/16/2011 3 549 665 3178 
CKM11050308-1 FIM 42 5/3/2011 3 532 645 2520.2 
CKM11080302-2 FIM 45 8/10/2011 4 560 680 3329.5 
CKM11080306 FIM 118 8/10/2011 3 650 780 4535.1 
CKM11100307 FIM 61 10/6/2011 3 546 657 2578.6 
CKM11120503-1 FIM 46 12/9/2011 3 577 706 3704.9 
ETB-001 LOSCO 182 8/6/2012 2 540 580 2600 
ETB-002 LOSCO 105 8/6/2012 2   2500 
ETB-006 LOSCO 7 8/6/2012 4 710 810 6775 
ETB-007 LOSCO 180 8/6/2012 3 650 730 4306 
ETB-008 LOSCO 159 8/6/2012 4 720 910 7340 
ETB-010 LOSCO 69 8/6/2012 3 660 780 6730 
ETB-011 LOSCO 27 8/6/2012 3 620 730 4316 
ETB-015 LOSCO 76 8/6/2012 1 450 530 1446 
GT-014 LOSCO 123 8/3/2012 2 540 630 3088 
GT-016 LOSCO 49 8/3/2012 2 550 650 2998 
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GT-019 LOSCO 170 8/3/2012 1 360 420 754 
GT-020 LOSCO 63 8/3/2012 1 260 310 296 
GT-021 LOSCO 25 8/3/2012 1 360 430 1016 
MG-014 LOSCO 132 8/11/2012 15 930 980 8290 
MG-015 LOSCO 119 8/11/2012 16 1050 1150 10885 
MG-016 LOSCO 84 8/11/2012 13 1010 1080 9950 
MG-017 LOSCO 138 8/11/2012 4 670 740 4946 
MG-018 LOSCO 19 8/11/2012 2 530 600 2420 
MG-019 LOSCO 24 8/11/2012 10 730 820 7020 
SBM11020312 FIM 117 2/9/2011 3 592 715 3768.3 
SEP-009 LOSCO 35 8/10/2012 1 520 540 1448 
TBD11083101-15 FIM 113 8/18/2011 5 652 798 5010.8 
TBD11083101-2 FIM 37 8/18/2011 5 715 843 5884.2 
TBD11083201-1 FIM 109 8/30/2011 18 827 1003 10726 
TBD11083201-1 FIM 109 8/30/2011 18 827 1003 10726 
TBD11083201-12 FIM 71 8/30/2011 3 635 756 4352.8 
TBD11083201-14 FIM 29 8/30/2011 5 691 830 4951.5 
TBD11083201-2 FIM 101 8/30/2011 4 615 766 4545 
TBD11093202 FIM 65 9/15/2011 4 705 832 4825 
TBM11030506-1 FIM 129 3/3/2011 3 603 726 3387.4 
WB-011 LOSCO 172 8/5/2012 21 860 970 9415 
WB-012 LOSCO 4 8/5/2012 2 550 610 2775 
WB-013 LOSCO 56 8/5/2012 2 520 580 2176 
WB-015 LOSCO 87 8/5/2012 2 530 570 1968 
WB-018 LOSCO 58 8/5/2012 2 520 580 2180 
WTB-017 LOSCO 173 8/7/2012 4 700 790 4956 
 
64 
 
Table A3. Specimens used for growth analysis.  
Trip # Program Collected Increment 
Age 
Increment 
Year 
Increment 
Width (mm) 
Otolith Radius 
(mm) 
Total 
Length 
State 
Collected 
PAC-063 LDWF 2/14/2012 1 2009 1.487 1.487 807 LA 
PAC-063 LDWF 2/14/2012 2 2010 0.460 1.947 807 LA 
PAC-063 LDWF 2/14/2012 3 2011 0.270 2.217 807 LA 
VM-070 LDWF 1/17/2014 1 2009 0.997 0.997 902 LA 
VM-070 LDWF 1/17/2014 2 2010 0.460 1.457 902 LA 
VM-070 LDWF 1/17/2014 3 2011 0.327 1.783 902 LA 
VM-070 LDWF 1/17/2014 4 2012 0.207 1.990 902 LA 
VM-070 LDWF 1/17/2014 5 2013 0.183 2.173 902 LA 
VM-070 LDWF 1/17/2014 6 2014 0.163 2.337 902 LA 
BSM-246 LDWF 2/19/2014 1 2009 1.523 1.523 1021 LA 
BSM-246 LDWF 2/19/2014 2 2010 0.407 1.930 1021 LA 
BSM-246 LDWF 2/19/2014 3 2011 0.327 2.257 1021 LA 
BSM-246 LDWF 2/19/2014 4 2012 0.293 2.550 1021 LA 
BSM-246 LDWF 2/19/2014 5 2013 0.297 2.847 1021 LA 
VM-495 LDWF 5/7/2012 1 2007 1.413 1.413 807 LA 
VM-495 LDWF 5/7/2012 2 2008 0.533 1.947 807 LA 
VM-495 LDWF 5/7/2012 3 2009 0.350 2.297 807 LA 
VM-495 LDWF 5/7/2012 4 2010 0.283 2.580 807 LA 
VM-495 LDWF 5/7/2012 5 2011 0.193 2.773 807 LA 
BSM-634 LDWF 8/9/2013 1 2008 1.110 1.110 944 LA 
BSM-634 LDWF 8/9/2013 2 2009 0.447 1.557 944 LA 
BSM-634 LDWF 8/9/2013 3 2010 0.387 1.943 944 LA 
BSM-634 LDWF 8/9/2013 4 2011 0.380 2.323 944 LA 
BSM-634 LDWF 8/9/2013 5 2012 0.263 2.587 944 LA 
BSM-634 LDWF 8/9/2013 6 2013 0.250 2.837 944 LA 
PAC-824 LDWF 6/22/2014 1 2008 1.433 1.433 855 LA 
PAC-824 LDWF 6/22/2014 2 2009 0.500 1.933 855 LA 
PAC-824 LDWF 6/22/2014 3 2010 0.407 2.340 855 LA 
PAC-824 LDWF 6/22/2014 4 2011 0.337 2.677 855 LA 
65 
 
PAC-824 LDWF 6/22/2014 5 2012 0.227 2.903 855 LA 
PAC-824 LDWF 6/22/2014 6 2013 0.203 3.107 855 LA 
PAC-824 LDWF 6/22/2014 7 2014 0.207 3.313 855 LA 
BSM-832 LDWF 9/6/2013 1 2009 1.317 1.317 832 LA 
BSM-832 LDWF 9/6/2013 2 2010 0.527 1.843 832 LA 
BSM-832 LDWF 9/6/2013 3 2011 0.400 2.243 832 LA 
BSM-832 LDWF 9/6/2013 4 2012 0.353 2.597 832 LA 
BSM-832 LDWF 9/6/2013 5 2013 0.370 2.967 832 LA 
VM-876 LDWF 7/10/2012 1 2009 2.110 2.110 820 LA 
VM-876 LDWF 7/10/2012 2 2010 0.637 2.747 820 LA 
VM-876 LDWF 7/10/2012 3 2011 0.480 3.227 820 LA 
VM-876 LDWF 7/10/2012 4 2012 0.447 3.673 820 LA 
BSM-906 LDWF 9/20/2013 1 2009 1.463 1.463 840 LA 
BSM-906 LDWF 9/20/2013 2 2010 0.507 1.970 840 LA 
BSM-906 LDWF 9/20/2013 3 2011 0.423 2.393 840 LA 
BSM-906 LDWF 9/20/2013 4 2012 0.387 2.780 840 LA 
BSM-906 LDWF 9/20/2013 5 2013 0.280 3.060 840 LA 
BSM-1234 LDWF 11/9/2013 1 2010 1.387 1.387 835 LA 
BSM-1234 LDWF 11/9/2013 2 2011 0.353 1.740 835 LA 
BSM-1234 LDWF 11/9/2013 3 2012 0.257 1.997 835 LA 
BSM-1234 LDWF 11/9/2013 4 2013 0.323 2.320 835 LA 
BSM-1235 LDWF 11/9/2013 1 2009 1.483 1.483 824 LA 
BSM-1235 LDWF 11/9/2013 2 2010 0.353 1.837 824 LA 
BSM-1235 LDWF 11/9/2013 3 2011 0.353 2.190 824 LA 
BSM-1235 LDWF 11/9/2013 4 2012 0.313 2.503 824 LA 
BSM-1235 LDWF 11/9/2013 5 2013 0.287 2.790 824 LA 
BSM-642 LDWF 8/10/2013 1 2004 1.397 1.397 941 LA 
BSM-642 LDWF 8/10/2013 2 2005 0.533 1.930 941 LA 
BSM-642 LDWF 8/10/2013 3 2006 0.380 2.310 941 LA 
BSM-642 LDWF 8/10/2013 4 2007 0.320 2.630 941 LA 
BSM-642 LDWF 8/10/2013 5 2008 0.177 2.807 941 LA 
BSM-642 LDWF 8/10/2013 6 2009 0.187 2.993 941 LA 
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BSM-642 LDWF 8/10/2013 7 2010 0.170 3.163 941 LA 
BSM-642 LDWF 8/10/2013 8 2011 0.120 3.283 941 LA 
BSM-642 LDWF 8/10/2013 9 2010 0.123 3.407 941 LA 
BSM-642 LDWF 8/10/2013 10 2011 0.117 3.523 941 LA 
BSM-642 LDWF 8/10/2013 11 2012 0.137 3.660 941 LA 
BSM-642 LDWF 8/10/2013 12 2013 0.110 3.770 941 LA 
PAC-937 LDWF 7/22/2014 1 2002 1.513 1.513 938 LA 
PAC-937 LDWF 7/22/2014 2 2003 0.437 1.950 938 LA 
PAC-937 LDWF 7/22/2014 3 2004 0.373 2.323 938 LA 
PAC-937 LDWF 7/22/2014 4 2005 0.273 2.597 938 LA 
PAC-937 LDWF 7/22/2014 5 2006 0.193 2.790 938 LA 
PAC-937 LDWF 7/22/2014 6 2007 0.187 2.977 938 LA 
PAC-937 LDWF 7/22/2014 7 2008 0.150 3.127 938 LA 
PAC-937 LDWF 7/22/2014 8 2009 0.127 3.253 938 LA 
PAC-937 LDWF 7/22/2014 9 2010 0.137 3.390 938 LA 
PAC-937 LDWF 7/22/2014 10 2011 0.157 3.547 938 LA 
PAC-937 LDWF 7/22/2014 11 2012 0.150 3.697 938 LA 
PAC-937 LDWF 7/22/2014 12 2013 0.127 3.823 938 LA 
PAC-937 LDWF 7/22/2014 13 2014 0.110 3.933 938 LA 
VM-069 LDWF 1/17/2014 1 2000 1.380 1.380 938 LA 
VM-069 LDWF 1/17/2014 2 2001 0.473 1.853 938 LA 
VM-069 LDWF 1/17/2014 3 2002 0.407 2.260 938 LA 
VM-069 LDWF 1/17/2014 4 2003 0.247 2.507 938 LA 
VM-069 LDWF 1/17/2014 5 2004 0.233 2.740 938 LA 
VM-069 LDWF 1/17/2014 6 2005 0.213 2.953 938 LA 
VM-069 LDWF 1/17/2014 7 2006 0.187 3.140 938 LA 
VM-069 LDWF 1/17/2014 8 2007 0.153 3.293 938 LA 
VM-069 LDWF 1/17/2014 9 2008 0.160 3.453 938 LA 
VM-069 LDWF 1/17/2014 10 2009 0.170 3.623 938 LA 
VM-069 LDWF 1/17/2014 11 2010 0.137 3.760 938 LA 
VM-069 LDWF 1/17/2014 12 2011 0.143 3.903 938 LA 
VM-069 LDWF 1/17/2014 13 2012 0.157 4.060 938 LA 
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VM-069 LDWF 1/17/2014 14 2013 0.107 4.167 938 LA 
VM-069 LDWF 1/17/2014 15 2014 0.147 4.313 938 LA 
PAC-934 LDWF 7/22/2014 1 2000 1.527 1.527 989 LA 
PAC-934 LDWF 7/22/2014 2 2001 0.490 2.017 989 LA 
PAC-934 LDWF 7/22/2014 3 2002 0.417 2.433 989 LA 
PAC-934 LDWF 7/22/2014 4 2003 0.323 2.757 989 LA 
PAC-934 LDWF 7/22/2014 5 2004 0.280 3.037 989 LA 
PAC-934 LDWF 7/22/2014 6 2005 0.247 3.283 989 LA 
PAC-934 LDWF 7/22/2014 7 2006 0.207 3.490 989 LA 
PAC-934 LDWF 7/22/2014 8 2007 0.223 3.713 989 LA 
PAC-934 LDWF 7/22/2014 9 2008 0.187 3.900 989 LA 
PAC-934 LDWF 7/22/2014 10 2009 0.187 4.087 989 LA 
PAC-934 LDWF 7/22/2014 11 2010 0.220 4.307 989 LA 
PAC-934 LDWF 7/22/2014 12 2011 0.120 4.427 989 LA 
PAC-934 LDWF 7/22/2014 13 2012 0.170 4.597 989 LA 
PAC-934 LDWF 7/22/2014 14 2013 0.117 4.713 989 LA 
PAC-934 LDWF 7/22/2014 15 2014 0.140 4.853 989 LA 
PAC-931 LDWF 7/22/2014 1 2008 1.283 1.283 847 LA 
PAC-931 LDWF 7/22/2014 2 2009 0.437 1.720 847 LA 
PAC-931 LDWF 7/22/2014 3 2010 0.463 2.183 847 LA 
PAC-931 LDWF 7/22/2014 4 2011 0.343 2.527 847 LA 
PAC-931 LDWF 7/22/2014 5 2012 0.323 2.850 847 LA 
PAC-931 LDWF 7/22/2014 6 2013 0.223 3.073 847 LA 
PAC-931 LDWF 7/22/2014 7 2014 0.170 3.243 847 LA 
BSM-236 LDWF 3/30/2013 1 2001 1.730 1.730 982 LA 
BSM-236 LDWF 3/30/2013 2 2002 0.403 2.133 982 LA 
BSM-236 LDWF 3/30/2013 3 2003 0.377 2.510 982 LA 
BSM-236 LDWF 3/30/2013 4 2004 0.333 2.843 982 LA 
BSM-236 LDWF 3/30/2013 5 2005 0.207 3.050 982 LA 
BSM-236 LDWF 3/30/2013 6 2006 0.170 3.220 982 LA 
BSM-236 LDWF 3/30/2013 7 2007 0.180 3.400 982 LA 
BSM-236 LDWF 3/30/2013 8 2008 0.143 3.543 982 LA 
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BSM-236 LDWF 3/30/2013 9 2009 0.153 3.697 982 LA 
BSM-236 LDWF 3/30/2013 10 2010 0.160 3.857 982 LA 
BSM-236 LDWF 3/30/2013 11 2011 0.140 3.997 982 LA 
BSM-236 LDWF 3/30/2013 12 2012 0.143 4.140 982 LA 
PAC-083 LDWF 4/2/2013 1 2001 1.393 1.393 918 LA 
PAC-083 LDWF 4/2/2013 2 2002 0.587 1.980 918 LA 
PAC-083 LDWF 4/2/2013 3 2003 0.540 2.520 918 LA 
PAC-083 LDWF 4/2/2013 4 2004 0.390 2.910 918 LA 
PAC-083 LDWF 4/2/2013 5 2005 0.317 3.227 918 LA 
PAC-083 LDWF 4/2/2013 6 2006 0.273 3.500 918 LA 
PAC-083 LDWF 4/2/2013 7 2007 0.210 3.710 918 LA 
PAC-083 LDWF 4/2/2013 8 2008 0.167 3.877 918 LA 
PAC-083 LDWF 4/2/2013 9 2009 0.177 4.053 918 LA 
PAC-083 LDWF 4/2/2013 10 2010 0.183 4.237 918 LA 
PAC-083 LDWF 4/2/2013 11 2011 0.177 4.413 918 LA 
PAC-083 LDWF 4/2/2013 12 2012 0.193 4.607 918 LA 
PAC-083 LDWF 4/2/2013 13 2013 0.227 4.833 918 LA 
ETB-006 LOSCO 8/6/2012 1 2009 1.730 1.730 810 LA 
ETB-006 LOSCO 8/6/2012 2 2010 0.377 2.107 810 LA 
ETB-006 LOSCO 8/6/2012 3 2011 0.393 2.500 810 LA 
ETB-006 LOSCO 8/6/2012 4 2012 0.360 2.860 810 LA 
MG-019 LOSCO 8/11/2012 1 2003 1.503 1.503 820 LA 
MG-019 LOSCO 8/11/2012 2 2004 0.497 2.000 820 LA 
MG-019 LOSCO 8/11/2012 3 2005 0.473 2.473 820 LA 
MG-019 LOSCO 8/11/2012 4 2006 0.347 2.820 820 LA 
MG-019 LOSCO 8/11/2012 5 2007 0.213 3.033 820 LA 
MG-019 LOSCO 8/11/2012 6 2008 0.187 3.220 820 LA 
MG-019 LOSCO 8/11/2012 7 2009 0.203 3.423 820 LA 
MG-019 LOSCO 8/11/2012 8 2010 0.170 3.593 820 LA 
MG-019 LOSCO 8/11/2012 9 2011 0.127 3.720 820 LA 
MG-019 LOSCO 8/11/2012 10 2012 0.130 3.850 820 LA 
MG-017 LOSCO 8/11/2012 1 2009 1.437 1.437 740 LA 
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MG-017 LOSCO 8/11/2012 2 2010 0.487 1.923 740 LA 
MG-017 LOSCO 8/11/2012 3 2011 0.430 2.353 740 LA 
MG-017 LOSCO 8/11/2012 4 2012 0.330 2.683 740 LA 
BJ-102 LOSCO 8/4/2012 1 2008 1.473 1.473 820 LA 
BJ-102 LOSCO 8/4/2012 2 2009 0.560 2.033 820 LA 
BJ-102 LOSCO 8/4/2012 3 2010 0.293 2.327 820 LA 
BJ-102 LOSCO 8/4/2012 4 2011 0.283 2.610 820 LA 
BJ-102 LOSCO 8/4/2012 5 2012 0.283 2.893 820 LA 
ETB-008 LOSCO 8/6/2012 1 2009 1.333 1.333 910 LA 
ETB-008 LOSCO 8/6/2012 2 2010 0.420 1.753 910 LA 
ETB-008 LOSCO 8/6/2012 3 2011 0.387 2.140 910 LA 
ETB-008 LOSCO 8/6/2012 4 2012 0.343 2.483 910 LA 
WTB-017 LOSCO 8/7/2012 1 2009 1.777 1.777 790 LA 
WTB-017 LOSCO 8/7/2012 2 2010 0.460 2.237 790 LA 
WTB-017 LOSCO 8/7/2012 3 2011 0.310 2.547 790 LA 
WTB-017 LOSCO 8/7/2012 4 2012 0.347 2.893 790 LA 
ETB-010 LOSCO 8/6/2012 1 2010 1.590 1.590 780 LA 
ETB-010 LOSCO 8/6/2012 2 2011 0.370 1.960 780 LA 
ETB-010 LOSCO 8/6/2012 3 2012 0.393 2.353 780 LA 
ETB-007 LOSCO 8/6/2012 1 2010 1.617 1.617 730 LA 
ETB-007 LOSCO 8/6/2012 2 2011 0.423 2.040 730 LA 
ETB-007 LOSCO 8/6/2012 3 2012 0.500 2.540 730 LA 
APM11100306 FIM 10/5/2011 1 2009 1.149 1.149 440 FL 
APM11100306 FIM 10/5/2011 2 2010 0.483 1.632 440 FL 
APM11100306 FIM 10/5/2011 3 2011 0.334 1.966 440 FL 
APM11100502-6 FIM 10/12/2011 1 2009 1.313 1.320 684 FL 
APM11100502-6 FIM 10/12/2011 2 2010 0.693 2.013 684 FL 
APM11100502-6 FIM 10/12/2011 3 2011 0.373 2.387 684 FL 
CKM11030304-1 FIM 3/2/2011 1 2008 1.320 1.320 621 FL 
CKM11030304-1 FIM 3/2/2011 2 2009 0.463 1.783 621 FL 
CKM11030304-1 FIM 3/2/2011 3 2010 0.440 2.223 621 FL 
APM11050804-1 FIM 5/18/2011 1 2007 1.223 1.300 703 FL 
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APM11050804-1 FIM 5/18/2011 2 2008 0.453 1.753 703 FL 
APM11050804-1 FIM 5/18/2011 3 2009 0.297 2.050 703 FL 
APM11050804-1 FIM 5/18/2011 4 2010 0.293 2.343 703 FL 
TBD11083201-14 FIM 8/30/2011 1 2007 1.503 1.503 830 FL 
TBD11083201-14 FIM 8/30/2011 2 2008 0.490 1.993 830 FL 
TBD11083201-14 FIM 8/30/2011 3 2009 0.393 2.387 830 FL 
TBD11083201-14 FIM 8/30/2011 4 2010 0.327 2.713 830 FL 
TBD11083201-14 FIM 8/30/2011 5 2011 0.270 2.983 830 FL 
APM11051104 FIM 5/25/2011 1 2008 1.433 1.433 653 FL 
APM11051104 FIM 5/25/2011 2 2009 0.453 1.887 653 FL 
APM11051104 FIM 5/25/2011 3 2010 0.353 2.240 653 FL 
TBD11083101-2 FIM 8/18/2011 1 2006 1.490 1.490 843 FL 
TBD11083101-2 FIM 8/18/2011 2 2007 0.370 1.860 843 FL 
TBD11083101-2 FIM 8/18/2011 3 2008 0.283 2.143 843 FL 
TBD11083101-2 FIM 8/18/2011 4 2009 0.303 2.447 843 FL 
TBD11083101-2 FIM 8/18/2011 5 2010 0.137 2.583 843 FL 
CKM11050308-1 FIM 5/3/2011 1 2009 1.403 1.403 645 FL 
CKM11050308-1 FIM 5/3/2011 2 2010 0.437 1.840 645 FL 
CKM11050308-1 FIM 5/3/2011 3 2011 0.377 2.217 645 FL 
CKM11030805-1 FIM 3/16/2011 1 2009 1.370 1.370 665 FL 
CKM11030805-1 FIM 3/16/2011 2 2010 0.430 1.800 665 FL 
CKM11030805-1 FIM 3/16/2011 3 2011 0.310 2.110 665 FL 
CKM11080302-2 FIM 8/10/2011 1 2008 1.773 1.773 680 FL 
CKM11080302-2 FIM 8/10/2011 2 2009 0.250 2.023 680 FL 
CKM11080302-2 FIM 8/10/2011 3 2010 0.233 2.257 680 FL 
CKM11080302-2 FIM 8/10/2011 4 2011 0.220 2.477 680 FL 
CKM11120503-1 FIM 12/9/2011 1 2009 1.220 1.220 706 FL 
CKM11120503-1 FIM 12/9/2011 2 2010 0.450 1.670 706 FL 
CKM11120503-1 FIM 12/9/2011 3 2011 0.323 1.993 706 FL 
CHM11010505-1 FIM 1/20/2011 1 2010 1.513 1.513 715 FL 
CHM11010505-1 FIM 1/20/2011 2 2011 0.453 1.967 715 FL 
CKM11100307 FIM 10/6/2011 1 2009 1.260 1.260 657 FL 
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CKM11100307 FIM 10/6/2011 2 2010 0.423 1.683 657 FL 
CKM11100307 FIM 10/6/2011 3 2011 0.373 2.057 657 FL 
TBD11093202 FIM 9/15/2011 1 2008 1.393 1.393 832 FL 
TBD11093202 FIM 9/15/2011 2 2009 0.450 1.843 832 FL 
TBD11093202 FIM 9/15/2011 3 2010 0.323 2.167 832 FL 
TBD11093202 FIM 9/15/2011 4 2011 0.220 2.387 832 FL 
APM11030107 FIM 3/1/2011 1 2010 1.377 1.377 682 FL 
APM11030107 FIM 3/1/2011 2 2011 0.593 1.970 682 FL 
TBD11083201-12 FIM 8/30/2011 1 2009 1.457 1.457 756 FL 
TBD11083201-12 FIM 8/30/2011 2 2010 0.587 2.043 756 FL 
TBD11083201-12 FIM 8/30/2011 3 2011 0.410 2.453 756 FL 
APM11050603 FIM 5/9/2011 1 2009 1.437 1.363 590 FL 
APM11050603 FIM 5/9/2011 2 2010 0.400 1.763 590 FL 
APM11050603 FIM 5/9/2011 3 2011 0.340 2.103 590 FL 
CKM11030304-3 FIM 3/2/2011 1 2009 1.490 1.543 615 FL 
CKM11030304-3 FIM 3/2/2011 2 2010 0.447 1.990 615 FL 
CKM11030304-3 FIM 3/2/2011 3 2011 0.297 2.287 615 FL 
CKM11020207-1 FIM 2/2/2011 1 2010 1.453 1.453 602 FL 
CKM11020207-1 FIM 2/2/2011 2 2011 0.507 1.960 602 FL 
TBD11083201-2 FIM 8/30/2011 1 2008 1.583 1.583 766 FL 
TBD11083201-2 FIM 8/30/2011 2 2009 0.480 2.063 766 FL 
TBD11083201-2 FIM 8/30/2011 3 2010 0.470 2.533 766 FL 
TBD11083201-2 FIM 8/30/2011 4 2011 0.407 2.940 766 FL 
APM11051103-7 FIM 5/25/2011 1 2009 1.303 1.303 725 FL 
APM11051103-7 FIM 5/25/2011 2 2010 0.447 1.750 725 FL 
APM11051103-7 FIM 5/25/2011 3 2011 0.353 2.103 725 FL 
TBD11083101-15 FIM 8/18/2011 1 2006 1.377 1.377 798 FL 
TBD11083101-15 FIM 8/18/2011 2 2007 0.453 1.830 798 FL 
TBD11083101-15 FIM 8/18/2011 3 2008 0.333 2.163 798 FL 
TBD11083101-15 FIM 8/18/2011 4 2009 0.320 2.483 798 FL 
TBD11083101-15 FIM 8/18/2011 5 2010 0.247 2.730 798 FL 
SBM11020312 FIM 2/9/2011 1 2010 1.213 1.213 715 FL 
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SBM11020312 FIM 2/9/2011 2 2011 0.767 1.980 715 FL 
CKM11080306 FIM 8/10/2011 1 2008 1.503 1.503 780 FL 
CKM11080306 FIM 8/10/2011 2 2009 0.420 1.923 780 FL 
CKM11080306 FIM 8/10/2011 3 2010 0.457 2.380 780 FL 
APM11010703 FIM 4/13/2011 1 2008 1.667 1.667 615 FL 
APM11010703 FIM 4/13/2011 2 2009 0.447 2.113 615 FL 
APM11010703 FIM 4/13/2011 3 2010 0.467 2.580 615 FL 
TBM11030506-1 FIM 3/3/2011 1 2008 1.357 1.357 729 FL 
TBM11030506-1 FIM 3/3/2011 2 2009 0.460 1.817 729 FL 
TBM11030506-1 FIM 3/3/2011 3 2010 0.313 2.130 729 FL 
CKM11030304-2 FIM 3/2/2011 1 2008 1.523 1.523 605 FL 
CKM11030304-2 FIM 3/2/2011 2 2009 0.380 1.903 605 FL 
CKM11030304-2 FIM 3/2/2011 3 2010 0.383 2.287 605 FL 
APM11040703 FIM 4/13/2011 1 2008 1.513 1.513 618 FL 
APM11040703 FIM 4/13/2011 2 2009 0.380 1.893 618 FL 
APM11040703 FIM 4/13/2011 3 2010 0.333 2.227 618 FL 
APM11020606 FIM 2/15/2011 1 2008 1.383 1.383 647 FL 
APM11020606 FIM 2/15/2011 2 2009 0.403 1.787 647 FL 
APM11020606 FIM 2/15/2011 3 2010 0.373 2.160 647 FL 
 
 
